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High repetition frequency laser on self-terminating calcium ion transitions

© M.A. Lavrukhin 1, P.A. Bokhan 1, P.P. Gugin 1, D.E. Zakrevsky 1,2

1 Rzhanov Institute of Semiconductor Physics, Siberian Branch, Russian Academy of Sciences, Novosibirsk, Russia
2 Novosibirsk State Technical University, Novosibirsk, Russia

E-mail: lavrukhin@isp.nsc.ru

Received June 15, 2023

Revised July 31, 2023

Accepted July 31, 2023

The results of experimental studies of the parameters of laser on self-terminating calcium ion transitions with

λ1 = 854.2 nm and with λ2 = 866.2 nm under the excitation by pulses with nanosecond edges are presented. In

the burst operation mode the average power of 5.3W was obtained at a pulse repetition frequency of 90 kHz with

lasing efficiency of ∼ 0.076%. It is demonstrated that at high pulse repetition frequency the specific energy of the

laser are not inferior to the values of lasers on self-terminating transitions of the copper atom with a comparable

volume of the active medium.
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Although gas-discharge lasers on self-terminating transi-

tions (transitions from resonance levels to a metastable one,

RM transitions), primarily in copper atoms and nitrogen

molecules, have a long history of study and application,

they still attract research attention due to a number of

unique characteristics: high active medium gain, small

lasing line width, high beam quality, high pulse power, etc.

One promising direction is their application in brightness

multiplication systems, which provide an opportunity to

perform remote monitoring of high-speed processes under

intense background illumination [1]. Real-time imaging

places certain demands on active media. One of them is the

capacity of laser sources and power (brightness) amplifiers

to be operated in the pulsed mode with pulse repetition

frequency f that is as high as possible. Copper (or copper
salts) vapor lasers are used most often for this purpose;

the provide a power of several watts at pulse repetition

frequencies up to a hundred kilohertz [2–5].
Several fundamental constraints are imposed on the repe-

tition frequency of a copper vapor laser. The most significant

of them are the enhancement of parasitic channels of

population of lower metastable states [6] and the skin

effect [7]. Both these phenomena grow weaker as diameter

d of working gas discharge tubes (GDTs) and the specific

pumping energy decrease, thus inducing a reduction in

average lasing power Pav .

A significant increase in lasing power Pav with the

GDT diameter remaining unchanged at d = 1−2 cm may be

achieved by reducing the duration of the leading edge of a

pumping pulse [8]. Switching devices with a switching front

on the order of several nanoseconds provide an opportunity

to generate high-voltage pulses with nanosecond edges and

use them for the excitation of lasers on self-terminating

transitions. This provides an opportunity not only to im-

prove the frequency-energy characteristics of lasers, but also

to find novel design solutions for lasers on self-terminating

transitions (by virtue of the possibility of operation at higher

ion concentrations). Although the list of promising media

is fairly long [9], lasers on RM transitions in ions are

less advanced than lasers on RM transitions in atoms an

molecules, which have been characterized in a great number

of papers and several monographs. It was demonstrated

in [10] in experiments with a self-terminating barium ion

(Ba II) laser (transition 6p 2P3/2−5d 2D5/2, λ = 614.2 nm)
that its average lasing power ( f ≈ 60−70 kHz) increases

considerably under excitation with high-voltage pulses with

an edge duration of 2–3 ns shaped by a switching device of a

novel type called an eptron [11]. This device, which relies in

its operation on self-breakdown of a discharge in a capillary

with a plasma cathode, is characterized by switching times

down to τs < 1 ns and a pulse compression at the level of

S = τd/τs = 103 at pulse repetition frequencies at least up

to f ≈ 100 kHz (τd is the discharge development delay).
The aim of the present study is to examine the

lasing parameters of a laser on self-terminating cal-

cium ion transitions 4p 2P3/2−3d 2D5/2 with λ1 = 854.2 nm

and 4p 2P1/2−3d 2D3/2 with λ2 = 866.2 nm at high (up
to f ≈ 100 kHz) pulse repetition frequencies. This laser

has already demonstrated the highest average power

Pav and efficiency of lasing within the entire class

of RM lasers on ion transitions. The maximum

power achieved in [12] was Pav ≈ 0.74W with spe-

cific lasing energy ws p ≈ 0.62µJ/cm3 at an efficiency of

0.05% at f = 6.85 kHz. The values of Pav ≈ 0.3W

and ws p ≈ 0.28µJ/cm3 were demonstrated in [13] with

frequency-energy dependence Pav( f ) having an extremal

nature with a maximum at f ≈ 17.8 kHz.

A beryllium oxide gas-discharge tube, which was char-

acterized in detail in [10], was used in our experiments.

The working diameter of the GDT channel was d = 1.5 cm,

the discharge gap length was 55 cm, and the volume

was 97 cm3. The pressure of buffer (helium) gas was
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Figure 1. a — Energies of lasing pulses w in a train (N is the

pulse number) at pulse repetition frequencies f = 20 (1), 40(2),
60 (3), and 80 kHz (4). b — Oscilloscope records of voltage pulses

at the GDT U , current through the GDT I, and lasing power P las

in steady operation at f = 60 kHz. Ua = 22.5 kV, p = 10 Torr,

and T = 700◦C.

p = 10−40Torr. A resistive heater was used to adjust

the GDT temperature and, consequently, the pressure of

calcium vapor. The medium was excited upon direct

discharge of an optimized working capacitance C = 330 pF

through an eptron and the GDT by pulse trains with a

repetition frequency of 0.5Hz that contained 200 pulses

(pulse repetition frequency f = 10−100 kHz). The optical

laser cavity was formed by a nontransmitting spherical

mirror with a radius of 5m for the region of lasing

wavelengths and a quartz plane-parallel plate (the reflection

coefficient was 99.5 and 8%, respectively). The lasing

energy and power were measured with an FK 32 vacuum

photodiode with a time resolution better than 1 ns. A

Thorlabs S401 power meter was used for calibration.

Figure 1, a shows radiation energy w as a function of

pulse number N in a train at pulse repetition frequencies

f = 20, 40, 60, and 80 kHz. It can be seen that the radiation

energy stabilizes by the 40th pulse and remains almost

unchanged to the end of the train. Thus, it can be said that

a quasi-steady regime was established. When the maximum

lasing power was achieved, the ratio of radiation energies w1

and w2 at λ1 = 854.2 nm and λ2 = 866.2 nm, respectively,

was w1/w2 ≈ 1.7. Oscilloscope records of voltage pulses

at the GDT U , current I through it, and a lasing pulse

in steady operation (the 41st pulse) at f = 60 kHz are

presented in Fig. 1, b. The typical GDT voltage buildup time

was τU ≈ 1.5 ns. The oscilloscope record of current has two

components. The first peak with a FWHM of ∼ 3−5 ns
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Figure 2. a — Dependences of average lasing power Pav on peak

working capacitance voltage Ua at different buffer gas (helium)
pressures: p = 10 (1), 20 (2), and 40 Torr (3). f = 90 kHz,

T = 700◦C. b — Dependences of lasing efficiency η on peak

working capacitance voltage Ua . 1 — f = 50 kHz, p = 10 Torr,

T = 680◦C; 2 — f = 50 kHz, p = 10Torr, T = 700◦C; 3 —
f = 90 kHz, p = 20 Torr, T = 700◦C.
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Figure 3. Dependences of specific average lasing power Ps p

Ca+ laser at p = 10Torr (1 — Ua = 17.5 kV, T = 680◦C; 2 —
Ua = 22.5 kV, T = 700◦C) and copper bromide vapor lasers [14]
(3) and [5] (4) on pulse repetition frequency f .

corresponds to charging of the intrinsic GDT capacitance.

Lasing always developed around the maximum of the

second current peak with τI ∼ 20−25 ns and persisted

for τlas ∼ 10−12 ns (at half height) in steady operation.

Depending on the conditions (pulse repetition frequency

in a train f and initial voltage Ua at working capacitance

C), the optimum GDT temperature was T = 700± 5◦C at

helium pressure p = 20± 5Torr. Figure 2, a shows example

dependences Pav(Ua) of the average lasing power on

the operating voltage amplitude at frequency f = 90 kHz,

temperature T = 700◦C, and helium pressures p = 10, 20,

and 40 Torr. It is evident that the optimum pressure

corresponding to the maximum of average lasing power

Pav > 5W does not exceed p = 20 Torr at the used voltages

Ua = 22−25 kV. Figure 2, b presents example dependences

η(Ua) of the lasing efficiency (ratio of the lasing energy to

the energy stored in the working capacitance) on the voltage

amplitude at f = 50 and 90 kHz, helium pressure p = 10

and 20Torr, and various GDT temperatures. The maximum

lasing efficiency calculated with respect to the energy

stored in working capacitance C, was η ≈ 0.076% and

corresponded to Ua = 19−21 kV, f = 90 kHz, p = 20Torr,

and T = 700◦C. It follows from the oscilloscope records of

voltage and current pulses that approximately one half of

the energy stored in C goes into the GDT.

Figure 3 shows example dependences Ps p( f ) of the spe-

cific average lasing power on the pulse repetition frequency

at p = 10 Torr and different values of amplitude Ua and

temperature T (curves 1 and 2). Similar dependences

for CuBr lasers with active media 157 and 404 cm3 in

volume (curves 3 and 4; the data were taken from [14]
and [5], respectively) are also shown for comparison. It is

evident that the specific self-terminating lasing power of the

calcium ion laser increases linearly with increasing pulse

repetition frequency and does not reach saturation through

at least to f = 100 kHz (the limit operation frequency of

the excitation generator). Starting from f > 50−60 kHz, it

exceeds the specific lasing power of copper bromide vapor

lasers.

Thus, it was demonstrated experimentally that the excita-

tion of ion lasers based self-terminating ion transitions (with

a calcium ion laser used as an example) by high-voltage

pulses with nanosecond edges results in expansion of the

operating frequency range (the maximum pulse repetition

frequency f = 100 kHz in our experiments was limited by

the generator parameters) and an increase in the lasing

power. Notably, the specific energy characteristics of the

laser are higher than those of a laser on self-terminating

copper atom transitions at high pulse repetition frequencies.

Funding

This study was supported financially by the Rus-

sian Science Foundation (project No. 19-19-00069,

https://rscf.ru/project/19-19-00069/) under state assignment

FWGW-2021-0012.

Conflict of interest

The authors declare that they have no conflict of interest.

References

[1] G.S. Evtushenko, M.A. Kazaryan, S.N. Torgaev, M.V. Trigub,

D.V. Shiyanov, Skorostnye usiliteli yarkosti na indutsirovan-

nykh perekhodakh v parakh metallov (Izd. STT, 2016) (in
Russian).

[2] M.A. Alaev, A.I. Baranov, N.M. Vereshchagin, I.N. Gnedin,

Yu.P. Zherebtsov, V.F. Moskalenko, Yu.M. Tsukanov, Sov.

J. Quantum Electron., 6, 610 (1976).
DOI: 10.1070/QE1976v006n05ABEH011398.

[3] A.M. Boichenko, G.S. Evtushenko, V.O. Nekhoroshev,

D.V. Shiyanov, S.N. Torgaev, Phys. Wave Phenom., 23, 1

(2015). DOI: 10.3103/S1541308X1501001X
[4] G.S. Evtushenko, D.V. Shiyanov, F.A. Gubarev, Lazery na

parakh metallov s vysokimi chastotami sledovaniya im-

pul’sov (Izd. Tomsk. Politekh. Univ., 2010) (in Russian).
[5] D.V. Shiyanov, G.S. Evtushenko, V.B. Sukhanov, V.F. Fedorov,

Quantum Electron., 32, 680 (2002).
DOI: 10.1070/qe2002v032n08abeh002270.

[6] P.A. Bokhan, D.E. Zakrevskii, Quantum Electron., 32, 602

(2002). DOI: 10.1070/QE2002v032n07ABEH002254.
[7] M.J. Kushner, B.E. Warner, J. Appl. Phys., 54, 2970 (1983).

DOI: 10.1063/1.332499

[8] P.A. Bokhan, P.P. Gugin, Dm.E. Zakrevskii, M.A. Lavrukhin,

Quantum Electron., 49, 749 (2019).
DOI: 10.1070/QEL16987.

[9] G.G. Petrash, Sov. Phys. Usp., 14, 747 (1972).
DOI: 10.1070/PU1972v014n06ABEH004769.

[10] M.A. Lavrukhin, P.A. Bokhan, P.P. Gugin, D.E. Zakrevsky,

Opt. Laser Technol., 149, 107625 (2022).
DOI: 10.1016/j.optlastec.2021.107625

2 Technical Physics Letters, 2023, Vol. 49, No. 10



18 M.A. Lavrukhin, P.A. Bokhan, P.P. Gugin, D.E. Zakrevsky

[11] P.A. Bokhan, E.V. Belskaya, P.P. Gugin, M.A. Lavrukhin,

D.E. Zakrevsky, I.V. Schweigert, Plasma Sources Sci. Technol.,

29, 084001 (2020). DOI: 10.1088/1361-6595/ab9d91
[12] T. Karras, Lasers, 81, 871 (1982).
[13] B. Pan, G. Chen, Z. Yao, B. Fang, Acta Phys. Sinica, 50, 1290

(2001).
[14] S.N. Torgaev, A.M. Boichenko, G.S. Evtushenko,

D.V. Shiyanov, Russ. Phys. J., 55, 1039 (2013).
DOI: 10.1007/s11182-013-9919-5.

Translated by D.Safin

Technical Physics Letters, 2023, Vol. 49, No. 10


